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Abstract5

A wide variety of detection applications exploit the timing correlations6

that result from the slowing and eventual capture of neutrons. These in-7

clude capture-gated neutron spectrometry, multiple neutron counting for fis-8

sile material detection and identification, and antineutrino detection. There9

are several distinct processes that result in correlated signals in these appli-10

cations. Depending on the application, one class of correlated events can be11

a background that is difficult to distinguish from the class that is of inter-12

est. Furthermore, the correlation timing distribution depends on the neutron13

capture agent and detector geometry. Here, we explain the important char-14

acteristics of the neutron capture timing distribution, making reference to15

simulations and data from a number of detectors currently in use or under16

development. We point out several features that may assist in background17

discrimination, and that must be carefully accounted for if accurate detection18

efficiencies are to be quoted.19

Keywords: thermal neutron detection, capture-gated neutron20

spectrometry, neutron multiplicity21

1. Introduction22

Neutron detection systems that incorporate a neutron capture agent or23

that produce a unique detector response to neutron capture have many ap-24

plications. Some of these systems rely on timing correlations between a25

preceding interaction and a neutron capture to select events of interest. In26

these cases, it is important to understand the physical mechanisms involved27

in determining the form of the timing correlation on which the event selec-28

tion rests. This includes both the neutron production process, the neutron29
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transport (including any signal it might produce), and the neutron capture30

itself. Furthermore, background processes that can produce similar or iden-31

tical timing correlations must also be considered.32

Recently, there has been considerable activity in producing and evaluating33

neutron capture correlation detectors. Examples of capture-gated neutron34

spectrometers [1] include those for deep underground neutron background35

measurements [2], nuclear physics measurements [3], and fissile material de-36

tection [4, 5, 6]. Efforts to exploit correlations between neutron captures for37

neutron background measurements [7] and fissile material detection [8] are38

also underway. Finally, neutron capture correlations are central to reactor39

antineutrino detection, and therefore to the growing number of efforts to use40

this technology for reactor monitoring [9, 10, 11, 12, 13]. It is worth noting41

that these examples use a wide range of capture agents (e.g. Gd, 6Li, 113Cd,42

and 10B) and capture agent geometries (e.g. homogenous and inhomogeneous43

capture agent distributions).44

Given these activities, we feel it is timely to review the primary signal45

and background processes for these applications, as well as the timing cor-46

relations that result. In particular, the timing distributions of correlated47

events depend strongly on the capture agent(s) and geometry used and can48

vary between signal and background processes. Predictions of detection effi-49

ciency must take these effects into account, and can potentially exploit them50

for background rejection. We will begin by reviewing the physical processes51

giving rise to correlation signals, followed by descriptions of the timing dis-52

tributions that result from such processes and how these must be understood53

for accurate efficiencies to be calculated. We will then discuss how these and54

higher-order timing distributions can be exploited for background discrimi-55

nation.56

In the following we will consistently refer to an “event” as a collection57

of distinct energy deposits in a detector that are associated with an initiat-58

ing instantaneous physical process either external to the detector or in the59

detection medium, such as a fission or an antineutrino interaction.60

2. Correlated Neutron Production Processes61

In this section we briefly review the important physical processes that can62

produce neutrons, and that can be identified and/or studied using neutron63

capture correlations. It is useful to distinguish two classes of neutron capture64

correlations:65
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• “Prompt-Capture” (PC) – the time difference between an interaction66

occurring simultaneous with the initiating process and the capture of67

a neutron,68

• “Capture-Capture” (CC) – the time difference between the capture of69

two or more neutrons, where each neutron capture occurs sometime70

after the initiating process.71

We emphasize this distinction since, as will be discussed in Sec. 3, these event72

classes can produce different timing correlation distributions.73

2.1. Muon Spallation74

Direct muon spallation often produces multiple high energy neutrons,75

which can in turn initiate hadronic showers resulting in yet more neutrons.76

Neutron production is both muon or neutron energy and medium dependent77

[16]. Neutron capture correlations can be measured between the initiating78

muon and a subsequent neutron capture (PC), or between the capture of any79

two produced neutrons (CC). Furthermore, this process often produces show-80

ers with > 2 neutrons, which can in turn result in the correlated detection81

of > 2 neutron captures.82

2.2. Spontaneous Fission83

Many actinides Spontaneously Fission (SF). Important examples include84

252Cf and 240Pu. The resulting simultaneous emission of multiple gamma85

rays and neutrons can provide a powerful means of detecting the presence86

of such material. Typical neutron multiplicities per fission are ≈ 3 (almost87

4 for 252Cf), and the neutron energy follows a power law fission spectrum88

ranging up to ≈ 10 MeV and mean energy ≈ 2 MeV that varies slightly89

with isotope. Depending on the details of the detection scheme, correlations90

can be observed between a prompt fission gamma-ray and a neutron capture91

(PC), a fast neutron recoil and a neutron capture (PC), or between multiple92

neutron captures (CC). We do not explicitly consider the possibility of fission93

chains here, but on the µs time scales being considered their net effect will94

be to increase the average neutron multiplicity.95

2.3. (α,n) Reactions96

A convenient means of producing a neutron source is to expose a Be or97

B target to α particles emitted by an actinide nucleus (e.g. 241Am). The98
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Figure 1: Neutron capture cross sections from ENDF/B-VII.1 of the commonly used cap-
ture agents: 155Gd, 157Gd, 6Li, 113Cd, 10B and 1H. The energy dependencies of these
cross-sections must be considered, particularly for Gd and non-homogeneous detector ge-
ometries.

resulting (α,n) exchange reaction produces a neutron with an energy in the99

0 − 10 MeV range. The target daughter nucleus is often produced in an100

excited state which promptly decays via γ-ray emission. A common source101

of this type is an encapsulated mixture of 241Am and Be particles (an AmBe102

source). Many neutrons produced by a typical AmBe source are accompanied103

by a 4.4 MeV γ-ray emitted by the daughter 12C nucleus. Depending on the104

details of the detection scheme, correlations can be observed between the105

prompt γ-ray and capture of the neutron or a fast neutron recoil and the106

capture of the neutron (both PC).107

We note that an AmBe neutron calibration source can only produce PC108

neutron correlation signals, while a 252Cf source can produce both PC and109

CC signals (Sec. 2.2).110

2.4. Antineutrino Interactions111

Electron antineutrinos can be detected via the inverse-beta interaction:112

ν̄e + p→ e+ + n. Immediate detection of the final state positron, followed a113

short time later by detection of the capture of the neutron, forms a PC cor-114

relation. Due to the very small cross section for the antineutrino interaction,115

an intense source is required, e.g. a nuclear fission reactor.116

3. Neutron Capture Correlation Timing Distributions117

Experimental techniques that exploit neutron capture correlations typi-118

cally measure the distribution of time intervals between some initial depo-119

sition and a neutron capture. The form of the timing distribution therefore120
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Figure 2: (a) Pcap as a function time for 0.1 MeV neutrons introduced to 0.01% 155Gd
doped water at t = 0. Pcap increases to a constant value as the neutron is moderated. (b)
The resulting capture time distribution. Once Pcap reaches a constant value, the capture
time distribution is an exponential function of time.

depends on the relationship between that initial deposition and the neutron121

that captures, and the dynamics of the capture of that neutron. Let us first122

consider the neutron capture dynamics in the most simple situation, a ho-123

mogenous detection medium into which a single non-relativistic neutron of124

energy E is introduced. The probability that the neutron captures in a time125

interval dt is proportional to:126

Pcap(E) ∝
∑
i

σi(E)wivdt, (1)

where v is the neutron velocity, the product vdt represents the distance trav-127

eled by the neutron in the material in the interval dt, and the σi and wi are128

the neutron capture cross-sections and stoichiometric fractions respectively129

of all constituents of the detection material. As the neutron energy changes130

due to collisions with the medium, so does Pcap, i.e.:131

Pcap(t) ∝
∑
i

σi(E(t))wiv(t)dt, (2)

where the time dependence of E and v is explicitly noted.132

In the simple case where the capture cross-section is of the form 1/v,133

Pcap(E) is independent of energy and the capture time distribution is there-134

fore simply an exponential function of time. As can be seen in Figure 1, this135

is condition holds for 1H, 6Li and 10B below ≈ 10 keV (for 1H; almost 100 keV136

for 6Li and 10B). Otherwise, for isotopes whose capture cross-section does not137
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Figure 3: (a) Pcap as a function time for 0.1 MeV neutrons introduced to 0.4% 6Li doped
water at t = 0. Pcap maintains a constant value independent of time (neutron energy).
(b) The resulting capture time distribution. Since Pcap is constant, the capture time
distribution is an exponential function of time.

follow that simple form, the capture timing distribution will depend on the138

initial energy of the neutron. For example, in the case of 155Gd, 157Gd and139

113Cd, if the neutron has energy greater than ≈ 0.1 eV, Pcap will initially be140

relatively small, before increasing to a constant value as the neutron slows.141

These two situations are contrasted in Figures 2&3 which display Pcap(E)142

as a function of time for 50, 000 simulated neutrons of 0.1 MeV initial energy143

in homogeneously 155Gd and 6Li doped water respectively. The loadings144

(0.1% b.w. 155Gd, 4.0% b.w. 6Li) are chosen so that Pcap is approximately145

equal at thermal neutron energies. Also shown is the average value of Pcap(E)146

for each time step. The difference between 6Li and Gd doping is evident: for147

the former Pcap is approximately constant, while for the latter Pcap increases148

to a constant value as the neutron is moderated, and the capture cross section149

increases, over time. As can be seen, the typical timescale for a neutron to150

reach the constant Pcap regime for this Gd doping is ≈ 7 µs.151

This leads us to the reason for making the distinction between PC and152

CC events. Recall that the time interval measured for a PC event is that153

between a deposition occurring simultaneous with the initiating event and154

the capture of a neutron produced by the initiating event. Therefore, the155

timing distribution of PC events will depend upon the initial neutron energy,156

the capture agent and the detector geometry used. On the other hand, the157

time interval measured for a CC event is that between the capture of two158

or more neutrons produced simultaneously by the initiating event, where159

each neutron capture occurs at some time after that initiating event. The160
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Figure 4: Here we compare neutron capture time distributions for two classes of events:
one where a neutron enters a Gd doped detector with ≈ 1 MeV energy at time=0 (PC,
black); and where multiple neutrons enter the detector at unknown time and one records
the time interval between their captures (CC, red). The low capture rate for PC events at
short times reflects the lower Gd capture cross section at higher neutron energies. Panel
(a) displays simulated data, while panel (b) displays experimental data.

important point here is that, typically, both neutrons will have moderated161

before either captures. Therefore, even from t = 0 (the time at which the162

first neutron captures) Pcap will typically be constant, and the capture time163

distribution for CC events will be a simple exponential even at short times164

for a homogeneous detection medium.165

This effect is demonstrated in Figure 4 for both simulated and experi-166

mental data. Here, timing distributions for PC and CC events measured in167

the Gd doped Water Cherenkov detector described in [8] are compared. A168

PC sample is collected using an AmBe neutron source, while the CC sample169

is from a 252Cf neutron source; although the distribution is not purely CC,170

the PC fraction is small. The expected difference in capture rate at short171

times is evident.172

It is difficult to extend the above discussion in a general way to detector173

systems that incorporate multiple and/or inhomogeneously distributed cap-174

ture agents. Similar considerations regarding the energy dependence of the175

capture cross-sections will apply, with the additional complication that the176

neutron will occupy un-doped material for much of the time. Monte-Carlo177

simulation tools are indispensable in the design of and interpretation of data178

from such systems. Validation of those simulations with well understood179

neutron sources is essential.180

By way of an example consider Fig. 5, which displays the neutron cap-181

ture correlation timing distribution of the inhomogenous, multiple capture182
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Figure 5: A multi-component neutron capture timing distribution resulting from complex
inhomogenous detector geometry. Figure 23 from [15].

agent detector described in [12] in response to a 252Cf source. Two distinct183

capture time constants are observed (the exponential feature with τ ≈ 900µs184

is due to the random coincidence of singles). Investigations using a Geant4185

simulation [14] suggest that these features depend both on the degree of in-186

homogenaity and the different energy dependence of the capture agents used187

(6Li and 10B vs. Gd) [15].188

Finally, we note a feature of the neutron capture timing distributions189

due to sources that produce two or more neutrons. The discussion above190

focussed upon the situation where a single neutron is introduced. When two191

or more neutrons are introduced simultaneously, e.g. due to a spontaneous192

fission or muon spallation event, Eq. 2 holds for each neutron independently.193

Therefore, the probability of any neutron capturing in an interval dt when194

there are N neutrons present is:195

Pcap(t) ∝
N∑
i

∑
j

σi(Ei(t))wjvi(t)dt, (3)

where Ei and vi are the energy and velocity of the ith neutron and the index196

j runs over all constituents of the medium. To a reasonable approximation,197

the average value of Pcap(t) will be:198

P̄cap(t) ∝ N
∑
i

σi(Ē(t))wiv̄(t)dt, (4)

where Ē(t) and v̄(t) are the average neutron energy and velocity at time199

t. That is, the probability of a neutron capture increases by a factor of N ,200

and subsequently the time interval between successive captures will decrease201

by that same factor. Therefore, the total measured neutron capture timing202
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1
3 : 1

2 : 1.

distribution measured from a source that produces multiple neutrons will203

be a sum of the distributions for 1...N neutrons, each weighted by a factor204

determined by the source neutron multiplicity distribution and the neutron205

detection efficiency of the detector.206

This effect is illustrated in Fig. 6 which shows experimental muon spal-207

lation data from a detector similar to that described in [8]. Here, closely208

spaced sequences of 4 depositions consistent with neutron capture have been209

selected, so that at the time the first deposition occurs there are 3 neutrons210

present in the detector. Specifically, the interval between the first and fourth211

deposition is required to be less than 200 µs. To ensure that the selected212

sequence is not a subset of a longer sequence, an additional “isolation” se-213

lection is applied: the first and fourth depositions must be at least 100 µs214

from the preceding and subsequently depositions, respectively. One can see215

that the successive intervals between these depositions increase. The ratio of216

the capture time constants relative to that for the last interval very nearly217

follows the expected 1
3

: 1
2

: 1 pattern.218

4. General Considerations for Detection Efficiency Calculations219

The preceding discussion demonstrates how the neutron capture timing220

distribution can depend upon the event type, detector geometry, neutron221

capture agent, and neutron source. To state the obvious, calculations of de-222

tection efficiency must therefore take all of these factors into account. In223

practice, this requires careful simulation of the particular detector configu-224
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ration, for the event type of interest. Care should be taken to validate that225

simulation against data with a known event type. We note that judicious use226

of (α,n) and SF sources provides a means of measuring the detector response227

to pure PC and CC event samples.228

Since an (α,n) source like AmBe produces only a single neutron, it pro-229

vides a pure PC sample that can be used for direct measurement of the230

detector response to this event class. The prompt signal in this case can be231

provided either by a proton recoil signal in the correlation detector or by the232

interaction of the de-excitation γ-ray often associated with (α,n) reaction.233

A particularly clean method for this type of calibration was employed in [8]:234

detection of the de-excitation γ-ray in a separate detector was used not only235

to measure the neutron capture time distribution but also to estimate the236

absolute neutron capture efficiency.237

Similarly, the multiple neutrons produced by a SF or muon spallation238

source can be used to obtain a CC event sample. The raw neutron capture239

timing distribution from such a source is an admixture of PC and CC events,240

since prompt γ-rays are produced by the fission and the fast neutrons released241

can produce prompt proton recoils. However, as was done in Fig. 6, closer242

examination of event sequences with three or more energy depositions closely243

spaced in time can provide a pure CC event sample. Since the last pair of244

depositions in such a sequence must both be due to neutron captures, the245

distribution of times between this last pair of the sequence will be that for246

CC events involving just a neutron pair.247

5. Potential Background Discrimination Strategies248

As discussed in Sec. 2, there are a wide range of processes that give rise249

to neutron capture correlation events. The physical process of interest to one250

application might very well be a troublesome background for another. For251

example, for capture-gated neutron spectrometry and antineutrino detection252

the signal of interest is always of type PC and is always the correlation of253

only two successive events (proton recoil followed by neutron capture for254

the first, positron followed by neutron capture for the second). Any multi-255

ple neutron capture sequences constitute background for these applications.256

The preceding discussions suggest a handful of circumstances in which ob-257

servable differences in event classes can be used as a means of background258

discrimination.259
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Figure 7: Here we compare neutron capture time distributions for (a) double and (b) triple
deposition intervals. The double interval displays two prominent exponential features, one
due to correlated events and the other due to random coincidences. The triple interval
reveals a short time feature due to multiple neutron correlations and a broad distribution
at larger times due to random coincidences.

Most obviously, the difference in the capture time distribution at short260

times between PC and CC events for non-1/v capture cross sections could261

be exploited via a simple timing selection, if the signal of interest produces262

a PC event.263

Additionally, we suggest a means to select or reject the multiple neutron264

capture sequences that can be produced by SF and, especially, muon spal-265

lation. Multiple neutron sequences can be readily identified by examining266

higher order correlation timing distributions. Indeed, for most applications267

that seek to study correlated pairs, examination of triple correlations suffices268

to reject much of the multiple neutron background.269

Specifically, examination of the interval between three successive depo-270

sitions, in addition to the interval between pairs of depositions considered271

so far, is recommended. By way of illustration, Fig. 7 compares double and272

triple interval distributions from muon spallation events in a detector similar273

to that described in [8]. There are two evident features in both the double274

and triple interval distributions: one at short times due to correlated events275

and one at longer times due to the random coincidence of uncorrelated sin-276

gles. The correlated (short time) feature in the triple interval distribution277

is due to correlation amongst three successive depositions, at least the last278

two of which are neutron captures. A selection cut rejecting event sequences279

with a short triple interval can therefore be effective at rejecting such higher280

multiplicity occurrences.281

Of course, the effect of such a selection upon the signal acceptance effi-282
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ciency must be accounted for. For antineutrino detection or capture-gated283

neutron detection, applications in which the signal is strictly limited to event284

multiplicities of two, the question to address is: what is the probability that a285

signal event is rejected as an event with multiplicity three due to a random co-286

incidence with an uncorrelated background event? Following the formulation287

laid out in [17], the probability Ptriple(t) of a triple coincidence interval distri-288

bution being formed by the random coincidence of a single background event289

with the signal event in a time interval (0, t) will be Ptriple(t) = Psig(t) Pbkg(t).290

Here, Psig(t) and Pbkg(t) are the probabilities that the terminating neutron291

capture of the signal event and of a single background event occurring in the292

interval, respectively. In the simple case where the two energy deposits of293

the signal have an exponential interval distribution, the triple event inter-294

val distribution formed by the random coincidence of the signal event and a295

single background event is of the form:296 ∫ t

0

e−t
′/τdt′ × e−rt = (1− e−t/τ )e−rt, (5)

where r is the background singles rate and τ is the characteristic neutron297

capture time constant of the system. Integration of Eq. 5 yields the fraction298

of signal events, F , that would pass a selection rejecting triple interval times299

less than tcut:300

F = 1−
∫ tcut
0

(1− e−t/τ )e−rtdt∫∞
0

(1− e−t/τ )e−rtdt
. (6)

For the event distributions displayed in Fig. 7, tcut = 100 µs eliminates≈ 40%301

of the correlated background, while reducing the efficiency for true double302

events by ≈ 7%.303

We also note the form of the distribution for uncorrelated events can also304

be found in [17]. For the random coincidence of two uncorrelated singles305

events the distribution of time intervals between those events has the form306

e−rt, where r is the singles rate. For the random coincidence of three un-307

correlated singles events the distribution of time intervals between first and308

third of those events has the form te−rt. This last distribution can be used to309

determine the acceptance for uncorrelated coincidences through a multiple310

neutron rejection cut.311

12



6. Conclusion312

There are many detection applications that use neutron capture correla-313

tions to distinguish between the primary signal of interest and background314

processes. These applications include, but are not limited to, capture-gated315

neutron spectrometers for underground neutron measurements and fissile ma-316

terial detection, and antineutrino detection for reactor monitoring. Depend-317

ing on the signal and background processes and the details of the detector318

design, the timing distribution between subsequent interactions in an event319

can vary considerably.320

Here, we have highlighted many of the important features of these timing321

distributions. The general point we wish to convey is that to develop a good322

understanding of detector efficiency, one must carefully study the response323

of the detector to the process of interest, as well as relevant background324

processes. While simulations are indispensable, we suggest validation of those325

simulations using specific neutron sources. Finally, we note that the variation326

in timing distributions for various processes can, in some cases, be exploited327

for background rejection.328
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